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This first part of the thesis investigates a fast, non-destructive testing method to 
characterize asphalt mixtures. While dynamic modulus was recommended by NCHRP Project 9-
19 as a test to represent pavement performance, the time consumed by the commonly used cyclic 
test method hampers its adaptation. The possibility of using the resonance test method for 
determining the complex modulus in a quicker, simpler, and reliable way was evaluated to address 
this gap. For comparison purposes, complex modulus testing was performed on two asphalt 
mixtures using the cyclic loading and the resonance frequency methods. The results plotted in 
Cole-Cole space show that the measurements from both the tests are consistent. The AASHTO R 
84 and Havriliak-Negami models were used to estimate the master curves of dynamic modulus 
and phase angle. The AASHTO R 84 standard procedure could not be extended to fit the resonance 
test measurements. 
The second part assesses a new optimum asphalt mixture design procedure using the 
proposed micromechanics-based performance indicator. The original Superpave mixture design 
relies only on the material specifications and volumetrics criteria to ensure satisfactory mixture 
performance. Also, to better predict the asphalt mixture performance, understanding the influence 
of individual mixture components is necessary along with the effective bulk properties, which is 
often overlooked. These two shortcomings in the current asphalt mixture design procedure were 
addressed in this thesis by introducing a new performance indicator. The prediction equations from 
a micromechanical framework developed by Onifade and Birgisson (2021) were used to find the 
mixture constituents’ modulus. The microstructure characteristics like the volume fraction of 
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phases, the shape and texture of aggregates, and the arrangement of constituents are also 
incorporated within the equations used. Based on the predicted stiffness values of the mixture and 
the constituents, a performance parameter termed the mixture/mastic stiffness ratio is introduced. 
This parameter can provide preliminary analysis indicating the rutting and fatigue performance of 
a mixture design without the need for extensive testing. The stiffness ratios correlated well with 
flow number and critical strain energy at the test temperature and frequency. Further, the ratio was 
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 CHAPTER I  
INTRODUCTION AND LITERATURE REVIEW  
Background 
Asphalt mixtures are multiphase particulate composite systems composed of aggregate, 
binder, and air voids. Although 95 percent by weight of asphalt mixtures is made up of aggregate 
with only 5 percent asphalt binder, the performance of a mixture is significantly influenced by the 
characteristics of the binder. The key performance properties of asphalt mixtures include the 
potential for resisting permanent deformation, fatigue cracking, and low-temperature cracking. 
The presence of an asphalt binder combined with a high proportion of granular materials makes 
the asphalt mixture time-, temperature-dependent, as well as stress-dependent. The resulting 
asphalt mixture exhibits viscoelastic responses when subjected to loading. Hence, understanding 
the behavior and response of asphalt mixtures under external stimuli of traffic loads requires 
accurate characterization of pavement materials.  
According to viscoelastic theory, the non-destructive properties of the mixtures can be 
characterized by creep compliance, relaxation modulus, dynamic modulus, and phase angle 
(Zhang 2012). Of these, complex modulus (E*) is a prevalently used measure while conducting 
pavement mixture evaluation. The E* is a complex number containing both storage (real) and loss 
(imaginary) modulus. The absolute modulus of the complex modulus is the dynamic modulus, 
identified by |E*|. Coffman and Pagen originally developed the test protocol for determining the 
dynamic modulus for asphalt materials in the 1960s (Williams 2015). The idea was to subject the 
material under either compressive or tensile sinusoidal stress in a uniaxial direction and measure 
the resulting strain. It was then developed as a standard in 1979 with the designation D3497 in 
ASTM standards and TP62 in AASHTO specifications. According to NCHRP report 513 
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(Bonaquist 2003), the dynamic modulus correlates well with field permanent deformation behavior 
and integrates with the Superpave system framework for performance evaluation. Currently, the 
dynamic modulus is one of the most critical parameters needed in the Mechanistic-Empirical 
Pavement Guide (MEPDG) (Bennert 2009). The design procedure uses a dynamic modulus master 
curve for determining the structural capacity of pavement through both rutting and fatigue cracking 
distress predictions.  
Further, the development of Asphalt Mixture Performance Tester (AMPT) has simplified 
the generation of master curves needed for mechanistic-empirical structural design (FHWA 2013). 
After several studies in the NCHRP Project 9-19 and NCHRP Project 9-29, the AMPT is presently 
the most used test equipment for determining the dynamic modulus of asphalt mixtures by the 
Transportation Agencies and the universities in the United States. Since both dynamic modulus 
and flow number (an indicator of flexible pavement rutting resistance) can be performed using the 
same test equipment, the AMPT provides a link between mixture design and structural analysis. 
However, over the past two decades, several issues were identified with the use of AMPT 
for dynamic modulus testing. A few of them include (Zhang et al. 2013):  
a) Lengthy test time of nearly a week (Dougan et al. 2003), 
b) Requires long wait periods for the temperature to reach equilibrium, especially at 
temperatures below 5oC, 
c) Problematic maintaining the Linear Variable Differential Transformer (LVDT) studs at 
high temperatures as they are stuck to the mixture with meltable adhesive, 
d) Requires a heavy setup that cannot be moved easily, 
e) Not ideal for routing mix-design and screening, 
f) Inability to readily test field cores or samples with different dimensions, 
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g) High variability of the test results (Daniel et al. 2004, Bhasin et al. 2003).  
Other equipment that performs cyclic loading also has similar problems. Dougan et al. 
(2003) conducted an extensive study for 30 months to identify the problems encountered while 
implementing the cyclic test protocol and suggest remedies. They categorized the issues into four 
sections: a) protocol, b) specimen preparation, c) conducting the E* test, and d) presentation of 
results. Some of the important concerns include difficulty in compacting the sample to desired 
dimensions, unable to achieve temperature equilibrium between the chamber and the specimen in 
a short period, condensation of moisture inside the test chamber, and requirement to maintain the 
axial strain below 150 micro strains.  
In order to bypass these difficulties in dynamic modulus testing, the application of wave 
methods like resonance and ultrasonic testing to asphalt mixtures has gained popularity. The 
ASTM C215 standard for concrete limits the E* calculation through impact resonance test to one 
or two resonant frequencies and with sample geometries with L/D > 2 or L/D < 0.25. As initial 
attempts, applying the standard to asphalt mixtures resulted in repeatable results for long cylinders 
of L/D > 2 (Whitmoyer and Kim 1994). The same standard was again used by Kweon and Kim 
(2006) on asphalt mixtures but with correction factors accounting for the damping and the 
specimen geometry. Boz (2016) utilized the impact resonance test to characterize the properties of 
asphalt mixtures and recycled asphalt pavement binder. He observed that the impact resonance test 
was influenced by specimen size and test configuration. However, small variations in the specimen 
dimensions do not substantially affect the dynamic modulus values (Tauste et al. 2017). The 
resonance test performed on prismatic specimens showed that the damping of the vibration had a 
significant impact on the test. The accuracy of the method also depended on the temperature and 
the type of binder used. However, all these studies were performed at one resonance frequency for 
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a given temperature. Significant improvements in the usage of resonance testing for asphalt 
mixtures were made by Ryden (2009) and Gudmarsson (2014), who applied three-dimensional 
numerical calculations to estimate the complex modulus at many different frequencies and on any 
sample size.  
Larcher et al. (2015) applied ultrasonic p-waves to determine wave propagation parameters 
at frequencies between 200 kHz to 300 kHz and temperatures from -20oC to 40oC. By considering 
a 2D propagation of waves in an isotropic viscoelastic medium, the high-frequency complex 
modulus and its components were computed based on the wave velocity and attenuation factor. 
Though accurate results were obtained fitting into the 2S2P1D model, they observed that the test 
yielded high frequencies not suitable for current pavement design practice. Norambuena-Contreras 
et al. (2010) demonstrated the potential for replacing the standard low-frequency dynamic modulus 
testing with direct ultrasonic testing by multiplication of a correction factor to the calculated high-
frequency modulus.    
Bekele et al. (2019) attempted to automate the fundamental resonant frequency 
measurement by using a loudspeaker set up in the thermal chamber and excite the asphalt 
specimens remotely. Since the measurement was controlled by a computer in non-contact mode 
with the specimen placed within the thermal chamber, the technique eliminated thermal 
disturbances. 
However, there is still a need for more literature to emphasize the use of these methods for 
faster and reliable non-destructive laboratory testing. Moreover, these methods include post-
computational analysis of the test data for obtaining the desired pavement properties (dynamic 
modulus, phase angle, and Poisson’s ratio). Thus, more research is required to understand the 
dynamics of these tests, select suitable optimization techniques, assess the sensitivity and 
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repeatability of the test procedures, and compare the results with the existing conventional 
methods. 
In general, the stiffness of asphalt mixture and the stiffness of mixture constituents like 
mastic stiffness are studied separately and linked with the pavement performance (Abbas et al. 
2004, Droogers 2018). However, a recent study by Onifade and Birgisson (2021) found that the 
stiffness contrast between the mixture constituents strongly influences the load transfer in the 
mixture. Hence, it is essential to consider both the effective properties and the contribution of the 
constituents simultaneously for obtaining a realistic picture of asphalt mixture behavior.      
Research Objectives 
 This research tries to resolve the problems mentioned in the section above with three main 
objectives: 
1) To measure the complex modulus of asphalt mixtures through cyclic and resonance tests 
in the laboratory. 
2) To evaluate the individual stiffnesses of mixture components and determine the stiffness 
ratio between the mixture and the mastic stiffnesses. 





 CHAPTER II 
DYNAMIC MODULUS TESTING OF ASPHALT MIXTURES 
Introduction 
Dynamic modulus |E*| is a fundamental property of viscoelastic asphalt mixtures that 
defines the stiffness characteristic as a function of temperature and loading rate. The elastic and 
viscous behavior of an asphalt mixture is expressed by the complex modulus E*.  
For conventional cyclic loading, E* is the ratio of the amplitude of the sinusoidal stress to 
the amplitude of the sinusoidal strain at any given time t, and angular load frequency ω and steady-
state. The dynamic modulus is the absolute value of this complex number calculated according to 
the following relations (Equation 2-1). The phase angle is quantified by the time lag between the 
peak stress and peak strain within one load cycle. For purely elastic material, δ = 0o, and for purely 
viscous material, δ = 90º.  
 





𝜀𝜀𝑜𝑜sin (𝑠𝑠𝑠𝑠 − 𝛿𝛿)
= 𝐸𝐸′ + 𝑠𝑠𝐸𝐸" 
 (2-1) 
|𝐸𝐸∗| = 𝜎𝜎𝑜𝑜 
𝜀𝜀𝑜𝑜
 , 𝛿𝛿 = 𝑠𝑠𝑡𝑡𝑠𝑠−1 �𝐸𝐸"
𝐸𝐸′
� 
where  E* is the complex modulus, E’ is the storage modulus representing elastic energy, E” is the 
loss modulus representing viscous energy, δ is the phase angle in degrees, 𝜎𝜎o is the peak stress, εo 
is the peak strain, ω is the angular frequency, and t is the time. 
In this study, two test methods were followed to obtain the dynamic modulus of the asphalt 
mixtures at a wide range of temperatures and frequencies a) Cyclic Testing, b) Resonance Testing. 





Two dense graded asphalt mixture designs were prepared with the same aggregate 
gradation and varying binder type. The binders were labeled as AAD and AAM from the Strategic 
Highway Research Program Materials Reference Library (Jones 1993). The AAD binder was PG 
58-28, and the AAM binder was PG 58-22. Lab mixed lab compacted specimens were fabricated 
with three replicates for each binder type. The air void content was chosen as 4 percent, and the 
aggregate gradation is shown in Table 2-1. The optimum asphalt content was calculated as 5.01 
percent for both the mixtures. All the mixtures were compacted to cylindrical specimens of 150 
mm in diameter and 175 mm in height using the Superpave gyratory compactor. They were then 
cored to 100 mm in diameter and sawed to 150 mm in height. The mixing and compaction 
temperatures were set to 135oC and 121oC, respectively. The volumetrics of the specimens are 















Table 2-2 Asphalt Mixtures Volumetrics 
Specimen ID Va, % Gmb VMA, % VFA, % Pbe, % Dust Ratio 
AAD 1 3.9 2.368 13.77 71.66 4.29 1.96 
AAD 2 3.9 2.368 13.79 71.55 4.29 1.96 
 











Table 2-2 Continued 
Specimen ID Va, % Gmb VMA, % VFA, % Pbe, % Dust Ratio 
AAD 3 4.1 2.364 13.94 70.68 4.29 1.96 
AAM 1 3.8 2.372 13.64 72.49 4.29 1.96 
AAM 2 3.8 2.371 13.67 72.28 4.29 1.96 




Tests Configurations and Data Analysis 
Cyclic Test Method 
AASHTO T 378 (2017) describes the method for determining the dynamic modulus of 
asphalt mixtures using Asphalt Mixture Performance Tester (AMPT). AMPT is a computer-
controlled hydraulic testing system that can cyclically load a compacted asphalt mixture specimen 
over a wide temperature and frequency range (FHWA 2020). Unconfined dynamic modulus test 
was performed on the specimens covering four temperatures (4.4oC, 10oC, 21.1oC, 37.8oC) and 
seven frequencies (0.01 Hz, 0.1 Hz, 0.5 Hz, 1 Hz, 5 Hz, 10 Hz, 25 Hz). The strain range was fixed 
between 85 to 115 micro-strain following the NCHRP 9-29 default values. The setup consisted of 
three linear variable differential transformers mounted at 120o from each other with a gauge length 
of 70 mm. Two rubber membranes were placed between the specimen and the platen to reduce 
fiction (Figure 2-1). The software linked determines the applied stress and the applied strain using 
the input values and the recorded deformations. These values are used to provide the mixture 











Resonance Test Method 
The resonance frequency method includes three parts: 1) Measurement of the frequency 
response functions (FRFs), 2) Finite element calculations of FRFs, and 3) Optimization procedure 
to match calculated and measured FRFs. 
The testing was performed through impact excitation (Figure 2-2). Each specimen was laid 
down along the horizontal direction on a soft foam for free boundary conditions and hit five times 
at the center of the short side using an impact hammer (PCB model 086E80) to generate a 
longitudinal (symmetric) mode of vibration. The accelerometer (PCB model 35B10) attached to 
the other end with an instant adhesive was used to measure the standing wave responses. The 
hammer and the accelerometer were connected to a signal conditioner (PCB model 086E80), 
which prepares the signals for analog to digital conversion and amplifies the signals if required. 
The final signal conversion is performed through a data acquisition device (NI USB-6251 M 











A MATLAB application developed by (Gudmarsson 2014a) was used for performing the 
modal testing. The record length was set to 5 seconds to include all the vibrations of the specimen 
until completely damped out, and the measurements were recorded with a sampling frequency of 
500 kHz. The averaged frequency response function was determined by averaging the five 
measurements in the complex domain at each frequency according to Equation 2-2. 
 








where H(f) is the FRF, Y(f) is the measured acceleration, X(f) is the measured applied force, X*(f) 
is the complex conjugate of the applied force, n is the number of impacts, and k is the index of 
impact.  
Figure 2-3 shows the interface of the application with the input fields and graphs of 
measurements in the time and frequency domain. Points were picked based on the first two 
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resonance peaks of the FRF to reduce the computational time in the stiffness evaluation and 









A finite element method (FEM) based COMSOL Multiphysics® application proposed by 
(Gudmarsson and Ryden 2017) was used to optimize the theoretical FRFs to measured FRFs. The 
numerical computation of FRFs in a three-dimensional space is detailed in (Gudmarsson et al. 
2015). The program applies a point load of 1 N at the center of the cylindrical specimen in a 
negative z-direction to simulate actual hammer impact. The response in the model is determined 
in the point corresponding to the accelerometer placement during the measurements. A normal 
mesh was chosen for all the analyses. Based on the assumed start values of complex modulus E* 
and complex Poisson’s ratio v*, the FRFs are calculated and compared with the measured FRFs. 
The E* and v* are adjusted iteratively until these computed and measured FRFs match. Equation 
2-3 presents the minimization function to determine the difference between the theoretical and 
measured FRFs.  
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��𝑀𝑀𝑖𝑖=1   (2-3) 
where HMNorm is the normalized measured FRF, HT is the theoretical FRF, HM is the measured 
FRF, i is the index of the data point, and N is the number of data points.  
The complex behavior of the mixtures is characterized using Havriliak-Negami (HN) 
model (Equation 2-4). This model not only applies to viscoelastic materials accurately (Hartmann 
et al. 1994, Havriliak and Negami 1996, Madigosky et al. 2006) but also has the practical 
advantage of limited fit parameters (Gudmarsson et al. 2015).  
 









where Eo and vo are the low-frequency values of the modulus and Poisson’s ratio, Eꝏ and vꝏ are 
the high-frequency values of the modulus and Poisson’s ratio, ωr is the reduced frequency in 
rad/sec, α, β are the fitting parameters that govern the width and asymmetry of the loss factor peak, 
respectively, τ is the relaxation time of the complex modulus, and τv is the relaxation time of the 
complex Poisson’s ratio. 
The specimens were tested at 4oC, 12oC, and 25oC. The resonance testing used the same 
specimens as the cyclic testing to allow accurate comparisons between the results. Table 2-3 gives 
the assumed start values for the optimization of each mixture at a given temperature. Initially, two 
resonance peaks were considered for the optimization (Figure 2-4). However, it was observed that 
the theoretical FRFs were not aligning properly with the measured FRFs upon completion of the 
optimization (Figure 2-5), resulting in higher dynamic modulus values in the 8 kHz to 15 kHz 
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frequency region. Also, since pavements are exposed to frequencies lower than the ultrasonic 




Table 2-3 Start Values for Optimizing the FRFs using HN Model 
E0 Eꝏ α β τ v1 
100 45000 0.4 0.3 0.1 0.35 
 
 
Figure 2-4 Screenshot of the Application with Start Values to Optimize FRFs at Two Resonance Peaks 
 
 




Figure 2-6 Screenshot of the Application with Start Values to Optimize FRFs at One Resonance Peak 
 
 





Figure 2-8 and Figure 2-9 shows an example of the dynamic modulus values of a specimen 
measured through the cyclic test and the resonance test, respectively. In the cyclic test, the 
properties were observed at discrete low frequencies of 0.01 Hz to 25 Hz at a strain level of 10-6 
magnitude. While, with the resonance test, the properties were observed at continuous high 
frequencies of 8 kHz to 20 kHz at strain levels less than 10-7 (Gudmarsson et al. 2015). At low 
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frequencies, given a temperature, the dynamic modulus increased logarithmically with the increase 
in frequency. While at high frequencies, the rate of change of dynamic modulus reduced 
drastically. Hence, a nearly linear trend was observed at each test temperature. 
The dynamic modulus and the phase angle isotherms of all the mixtures are plotted in 
Figure 2-10 to Figure 2-21, where “C” represents cyclic test results and “R” represents resonance 
test results. The phase angle provides insight into how asphalt binder and aggregate structures react 
when tested at various temperatures and frequencies (Ahmad et al. 2020). At the low-frequency 
range, the phase angle increased with an increase in frequency up to a peak and further decreased. 
This is because of the viscoelastic nature of the binder and the interlocking of the aggregates. At 
high frequency and low temperature, the asphalt binder is stiff and primarily affects the phase 
angle. As the temperature rises and the frequency drop, the binder weakens, and the aggregate 
structure starts to affect the phase angle predominantly. At very high frequencies, the phase angle 
clearly decreased with the increase of frequency at all temperatures due to the elastic nature of the 
binder.  
Based on all the figures, the dynamic moduli from both the tests are nearly falling in the 
same line for all temperatures measured. But slight inconsistencies were observed in the phase 
angle measurements. Possible reasons could be that the phase angle measurement through 
resonance testing was highly dependent on the initial setup of the equipment and the start values 
during the analysis. A similar issue was reported in (Gudmarsson 2014a), where the amplitude 
consequently showed higher relative standard deviation (RSD) for the different studies and hence 
the variations in the loss modulus (phase angle and damping). For better phase angle repeatability, 
they recommended being meticulous about the accelerometer attachment and the position of the 
impact and accelerometer. It is more difficult to obtain good phase angle data than good modulus 
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data (Pellinen et al. 2004, Zhang et al. 2020). Abnormalities were recorded even in the phase angle 
measurements through the cyclic testing, at low temperature and high frequency (Figures 2-13, 
2-17, and 2-19). Bayane et al. (2017) observed a large scatter in the phase angle at high 
temperatures, measured through the cyclic test. The phase angle was found to be a difficult 
parameter to determine accurately. 
Table 2-4 summarizes the RSD of the two mixture designs based on both the tests. The 
resonance test had more repeatability in terms of dynamic modulus measurements. But more care 
had to be taken during the test for achieving better phase angle information. Along with the 
experimentation errors, these resonance frequency measurements could have varied due to small 
differences in geometry and potential inhomogeneity within the specimen. Nevertheless, it is easier 
to improve the quality of the measurements through the resonance test as it is dependent largely 



































Figure 2-9 Resonance Test Dynamic Modulus Results 
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Figure 2-11 Measured Phase Angle Results of the AAD 1 Mixture 
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Figure 2-13 Measured Phase Angle Results of the AAD 2 Mixture 
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Figure 2-15 Measured Phase Angle Results of the AAD 3 Mixture 
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Figure 2-17 Measured Phase Angle Results of the AAM 1 Mixture 
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Figure 2-19 Measured Phase Angle Results of the AAM 2 Mixture 
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Figure 2-21 Measured Phase Angle Results of the AAM 3 Mixture 
 
Table 2-4 Repeatability of the Two Complex Modulus Tests  











 min max avg min max avg min max avg min max avg 
AAD 
Mixtures 0.6 28.8 11.5 3.2 14.6 10.1 0 48.1 4.3 2.8 11.8 6.8 
AAM 




Master Curve Models for Dynamic Modulus and Phase Angle 
In the linear viscoelastic range, asphalt concrete can be considered as thermo-rheologically 
simple material (e.g., Monismith et al. 1966). Hence, time-temperature superposition is possible. 
Master curve construction is a technique of shifting the test data measured at various temperatures 
and frequencies relative to the time of loading or frequency and aligning them onto a single curve. 
This aids in the interpretation of asphalt behavior by extrapolating the material properties to 




















Specimen ID - AAM 3
C_5.5 deg C C_10 deg C C_21.1 deg C C_38.1 deg C R_4 deg C R_12 deg C R_25 deg C
24 
 
The first step in constructing a master curve is to choose a reference temperature to which 
the remaining data is horizontally shifted using a shift factor. The shift factor aT defines the 
required shift at a given temperature, by which the frequency is multiplied to obtain a reduced 
frequency (Equation 2-5). 
 
𝑓𝑓𝑀𝑀 = 𝑡𝑡𝑇𝑇 ∗ 𝑓𝑓  (2-5) 
where f is the loading frequency at any temperature and fr is the corresponding reduced frequency 
at the reference temperature.  
There are several shift factors functions available in the literature like the Arrhenius 
equation, Williams Landel and Ferry (WLF) equation, log-linear equation, second-order 
polynomial equation, VTS equation, etc., suitable for asphalt binders and mixtures (Mirza and 
Witczak 1995, Painter and Coleman 1997, Williams et al. 1955, Yusoff et al. 2011b). 
A dynamic modulus master curve is usually represented as a sigmoidal function (ARA 
2004, Andrei, Witczak and Mirza, 1999, Fonseca and Witczak, 1996, Gopalakrishnan et al. 2014, 
Pellinen et al. 2004, Schwartz 2005, Witczak 2005). The sigmoidal coefficients and the time-
temperature shift factors are solved simultaneously by using a non-linear minimization algorithm 
to match the sigmoidal function to the dynamic modulus data measured at different temperatures 
and frequencies. This can be justified based on the physical observations of an asphalt mixture 
behavior. The maximum stiffness of the mix, which is based on the limiting binder stiffness at cold 
temperatures, is approached asymptotically by the upper part of the sigmoidal function. At high 
temperatures and low frequency, as the aggregate influence becomes more dominant than viscous 
binder influence, the mix stiffness reaches a limiting equilibrium value that is dependent on the 
aggregate gradation. The sigmoidal function thus reasonably captures the physical behavior of the 
asphalt mixture stiffness over a broad temperature range.  
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AASHTO R 84 standard (2017) adopted the Hirsch Model developed by Christensen et al. 
(2003), a logistic sigmoidal function, and the Arrhenius shift factor for developing dynamic 
modulus master curve using the AMPT results. The following equation (2-6) presents the Hirsch 
model for a limiting binder modulus of 1 GPa. 
 






+ (1 − 𝑃𝑃𝑐𝑐) ∗ �





















where |E*|max is the maximum limiting modulus in psi, VMA is the percent voids in mineral 
aggregate, and VFA is the percent voids filled with asphalt. 
The Arrhenius time-temperature shift factor is presented in equation 2-7. Only one constant 
ΔEa must be calculated in this expression, which defines the minimum energy required before the 
occurrence of intermolecular movement. 
 









where ΔEa is the activation energy (fitting parameter), T is the test temperature in K, and Tr is the 
reference temperature in K. 
The dynamic modulus master curve equation is given in Equation 2-8.   
26 
 
log|𝐸𝐸∗| =  𝛿𝛿 +
(𝑉𝑉𝑡𝑡𝑀𝑀 −  𝛿𝛿)
1 +  𝑒𝑒𝛽𝛽+𝛾𝛾∗𝑙𝑙𝑜𝑜𝑙𝑙𝑓𝑓𝑟𝑟
 (2-8) 
where |E*| is the dynamic modulus in psi, fr is the reduced frequency in Hz, δ, β, γ are the fitting 
parameters, and Max is the logarithm of limiting maximum modulus.  
This method was used in the study to construct the master curves of the mixtures with the 
cyclic test results at a reference temperature of 20oC. Table 2-5 presents the master curve 
parameters and goodness-of-fit statistics for all the mixtures. The goodness-of-fit parameters were 
calculated based on the formulae given in AASHTO R 84, and the normalized root mean square 
deviation (NRMSD) was determined based on equation 2-9. 
  
𝑁𝑁𝑁𝑁𝑉𝑉𝑁𝑁𝑁𝑁 =  







where yp is the predicted dynamic modulus in MPa, y is the measured dynamic modulus in MPa, 




Table 2-5 Estimated Parameter Values of the AASHTO R 84 Model to Match Cyclic Test Measurements 
Specimen 
ID  ΔEa δ β γ Se/Sy R
2 NRMSD 





174778 4.13 -0.53 -0.63 0.17 0.974 0.035 
AAD 2 188408 3.74 -0.67 -0.59 0.12 0.987 0.033 
AAD 3 198360 3.80 -0.74 -0.59 0.11 0.989 0.025 
AAM 1 226974 3.11 -1.45 -0.50 0.16 0.978 0.047 
AAM 2 236710 3.73 -1.22 -0.54 0.16 0.978 0.051 






Although the curves’ goodness-of-fit parameters and NRMSD were very positive, this 
procedure disregards the phase angle data that provides important linear viscoelastic information 
about the material (Yusoff et al. 2011a). The master curves produced using this method may be 
biased in characterizing the material's behavior, resulting in non-compliance with the linear 
viscoelastic theory (Zhao et al. 2013). Further, it was not possible to extend the AASHTO R 84 
method for developing a master curve using the resonance test data. Hence, the Havriliak–Negami 
(HN) model (Equation 2-4) was later used instead of the sigmoidal function, considering the 
model’s ability to characterize the complex modulus. The Havriliak–Negami model can account 
for an asymmetrical loss peak and has been shown to be very effective in modeling viscoelastic 
material behavior (Gudmarsson et al. 2012, Gudmarsson 2014a, Hartmann et al. 1994, Madigosky 
et al. 2006, Zhao et al. 2013). The WLF relationship given in equation 3-10 was used to calculate 




𝐶𝐶2  +   𝑇𝑇 −  𝑇𝑇𝑀𝑀𝑟𝑟𝑓𝑓
 (2-10) 
where T is the test temperature, Tref is the reference temperature, and C1, C2 are the material 
constants. 
The estimated values of the unknown coefficients in the HN model and the WLF shift 













(MPa) α β τ C1 C2 NRMSD 




45815 354 0.405 0.195 0.015 7.7 72.7 0.037 
AAD 2 45517 200 0.480 0.124 0.034 7.2 66.0 0.022 
AAD 3 58915 22 0.434 0.104 0.075 15.2 143.1 0.022 
AAM 1 260251 568 0.345 0.026 0.245 13.5 105.8 0.048 
AAM 2 94060 235 0.379 0.063 0.259 9.0 65.6 0.027 
AAM 3 113848 203 0.340 0.072 0.065 11.3 70.4 0.081 
 






(MPa) α β τ C1 C2 NRMSD 




45000 100 0.362 0.235 0.051 12.0 119.9 0.096 
AAD 2 45000 100 0.376 0.241 0.028 12.0 120.0 0.065 
AAD 3 45000 100 0.421 0.156 0.076 12.1 120.0 0.181 
AAM 1 45000 100 0.374 0.190 0.196 12.0 120.0 0.054 
AAM 2 45000 100 0.416 0.240 0.019 12.0 120.0 0.047 




Initially, the measured test data were plotted in Cole-Cole space to assess the quality of the 
test data before using it in the analysis. If material is viscoelastic and thermo-rheologically simple, 
a single curve can be obtained in the Cole-Cole complex space, regardless of loading frequency or 
temperature (Gudmarsson et al. 2014b). Figures 2-22 (a) to (f) present the measured dynamic 
modulus of all the mixtures plotted in the Cole-Cole space. Based on the shape of the unique 
curves, the measured cyclic test results of AAD 3 and AAM 3 mixtures at low temperatures (4.4oC 
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The following section presents the master curves developed using AASHTO R 84 and HN 
models. The reference temperature was set as 20oC, and the viscoelastic properties were predicted 
in the temperature range of -10oC to 54.4oC and the frequency range of 0.01 Hz to 25 Hz, as 
required by the AASHTO MEPDG software inputs. The master curves were constructed using the 
Microsoft Excel solver for the AASHTO R 84 fit model and the MATLAB non-linear least-squares 
optimization with the Levenberg-Marquardt algorithm for the HN model. Comparisons were made 
between the two models for their closeness to fit the measured cyclic test data. Further, the master 
curves of the mixtures developed using the HN model, and the two dynamic modulus test 
measurements were assessed to determine the similarity of the tests in terms of stiffness and phase 
angle results. 
Comparisons Between the Master Curves  
The master curves for all the mixtures developed using the cyclic test data are shown in 
Figures 2-23 (a) to (f). The measurements were fitted using the AASHTO R 84 model combined 
with the Arrhenius shift factor and the HN model combined with the WLF shift factor. Table 2-8 
presents the normalized mean square deviation of the predicted values from the measured values. 
The master curve matches the absolute values of the dynamic modulus well in both models. 
However, the AASHTO R 84 model worked well at low to intermediate frequencies, while the HN 











Figure 2-23 Comparison of the Cyclic Test Dynamic Modulus Master Curves at Tref = 20◦C Determined Using 
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Figure 2-23 Continued 
 
Table 2-8 Difference Between the Measured and Models Predicted Cyclic Test Dynamic Modulus 
Specimen ID Normalized Root Mean Square Deviation AASHTO R 84 Model HN Model 
AAD 1 0.035 0.037 
AAD 2 0.033 0.022 
AAD 3 0.025 0.022 
AAM 1 0.047 0.048 
AAM 2 0.051 0.027 
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Figures 2-24 to 2-35 show the master curves of the dynamic modulus and the phase angle 
constructed using the HN model and the results from the two test methods. Table 2-9 displays the 
dynamic moduli ratios and the phase angle ratios for both test methods at 21.1°C (~Tref) 
temperature condition. Based on the master curves and the ratios, for AAD mixtures, the resonance 
test resulted in a higher dynamic modulus and a lower phase angle than the cyclic test. The trend 
was opposite for the AAM mixtures, i.e., the dynamic modulus and the phase angle from the 


































































Specimen ID - AAD 1
Resonance Test HN Model Resonance Test Measured




Figure 2-25 Comparison of the Phase Angle of AAD 1 Mixture Determined by the Cyclic and Resonance Tests 
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Figure 2-27 Comparison of the Phase Angle of AAD 2 Mixture Determined by the Cyclic and Resonance Tests 
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Figure 2-29 Comparison of the Phase Angle of AAD 3 Mixture Determined by the Cyclic and Resonance Tests 
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Figure 2-31 Comparison of the Phase Angle of AAM 1 Mixture Determined by the Cyclic and Resonance Tests 
 
 































































Specimen ID - AAM 1






































































Specimen ID - AAM 2
Resonance Test HN Model Resonance Test Measured




Figure 2-33 Comparison of the Phase Angle of AAM 2 Mixture Determined by the Cyclic and Resonance Tests 
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Figure 2-35 Comparison of the Phase Angle of AAM 3 Mixture Determined by the Cyclic and Resonance Tests 
 
Table 2-9 Ratios of the Dynamic Modulus and Phase Angles at T = 21.1oC Determined Through Resonance 
(HN model) and Cyclic Testing (HN model) 




AAD 1 1.43 1.50 1.55 1.68 1.72 1.75 1.57 
AAD 2 1.55 1.63 1.71 1.94 2.05 2.27 2.26 
AAD 3 1.10 1.12 1.13 1.17 1.19 1.24 1.35 
AAM 1 1.11 1.11 1.11 1.07 1.05 0.97 0.81 
AAM 2 1.00 0.94 0.89 0.77 0.72 0.64 0.54 




AAD 1 0.79 0.81 0.83 0.89 0.92 1.05 1.40 
AAD 2 0.81 0.79 0.79 0.80 0.82 0.90 1.23 
AAD 3 0.93 0.94 0.94 0.93 0.93 0.92 0.87 
AAM 1 0.99 1.03 1.06 1.14 1.17 1.26 1.46 
AAM 2 1.37 1.38 1.38 1.34 1.32 1.27 1.22 
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Two non-destructive laboratory test methods available for determining the dynamic 
modulus of asphalt mixtures were investigated. One is the traditional cyclic test performed at 0.1 
Hz to 25 Hz, and the other is a relatively new resonance test conducted at 8 kHz to 20 kHz 
frequencies. The dynamic modulus master curves with cyclic test measurements were fitted using 
AASHTO R 84 and HN models. Results show that the HN model overestimated the mixture 
stiffness at low frequencies while the AASHTO R 84 model underestimated the stiffness values at 
high frequencies. At intermediate frequencies, both the models gave very similar results of the 
dynamic modulus. Overall, the models could fit the laboratory measurements with less than 8 
percent normalized root mean square deviation. However, no rational optimized fit values were 
found to match the resonance test results using the AASHTO R 84 method. The high-frequency 
measurements from the resonance test could be fitted only with a complex number model like the 
HN model. The comparison of the master curves generated from two test methods shows that the 
trend was binder dependent. However, the test methods were in reasonably good agreement. One 
way to improve the master curve fit further could be to solve the model coefficients and the shift 
factor coefficients in steps.  
Additionally, the resonance test method had a lower COV% for the dynamic modulus 
results. Care must be taken while resonance testing for achieving repeatable phase angle 
measurements. In general, the resonance test model appeared to be a viable, faster, easier, and 




DEVELOPMENT OF A MICROMECHANICS BASED PERFORMANCE INDICATOR  
Determination of the Performance Indicator 
The effective properties of a mixture, including the effective stiffness, which is the interest 
of this thesis, depend on the local stress and strain fields in the mixture. These local fields' 
distribution is in turn influenced by the microstructure characteristics of the mixture like the 
volume fraction of phases, the shape and texture of inclusion, and the arrangement of constituents. 
All these characteristics were factored into the micromechanical framework developed recently by 
Onifade and Birgisson (2021) for characterizing the microstructural integrity and effective 
properties of multiphase particulate composites. Based on their model, the stiffness contrast 
between the mixture constituents had a significant effect on the integrity of a mixture. The 
microstructural integrity of a composite material was defined as its ability to transfer imposed load 
uniformly. The smaller the stiffness contrast, the more uniform was the load transfer within the 
mixture. This led to lower stress concentration and strain localization, thus resulting in higher 
integrity of the mixture.  
The equations for determining the individual and composite stiffnesses were obtained from 
the above model, and a simple parameter termed the stiffness ratio is proposed. The ratio provides 
a linkage between the commonly measured mechanical property and the microstructure of the 






where Emix is the predicted effective stiffness of the mixture, and Emastic is the predicted stiffness 
of the mastic. 
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 Theoretically, a low stiffness ratio 
indicates a stiff mixture with a hard binder that is susceptible to cracking. In contrast, a high 
stiffness ratio represents a soft mixture with low mastic stiffness, which is prone to rutting. Hence, 
depending on the need, the stiffness ratio can be used to determine the suitable mixture design.  
 
Relating the Stiffness Ratio with Asphalt Mixture Performance 
Introduction 
In 1984, a new approach to design asphalt mixtures called Superior Performing Asphalt 
Pavements (Superpave) was initiated. It was a part of the Strategic Highway Research Program, 
intended to improve the performance of the pavements in the United States and make them durable, 
efficient, and safe. The aim of the Superpave mix design was to develop a cost-efficient mixture 
blend of binder and aggregate with sufficient asphalt binder, mixture volumetrics, workability, and 
satisfactory performance characteristics to meet the requirements of traffic, environment, structure, 
and reliability on the pavement.  
The underlying basis for selecting an optimum mixture in the Superpave design is obtaining 
4 percent design air voids at the design number of gyrations (Ndesign) (Cominsky et al. 1994). Ndesign 
is the estimated number of gyrations needed to produce a laboratory sample duplicating the density 
expected in the field based on 20-year traffic loading. Typically, the mixtures are constructed in 
the field at 7 percent in-place air voids, with the target to stabilize at 4 percent air voids over the 
pavement service life. However, an increase in the air voids has a significant adverse impact on 
pavement durability (Bonaquist 2016).  
Hence, as an attempt to improve the pavement service life, the Joint Transportation 
Research Program proposed designing asphalt mixtures at 5 percent air voids and compacting them 
to the same density in the field without compromising on the pavement fatigue and rutting 
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performance (Hekmatfar et al. 2015). Three mixture designs were used, with various combinations 
of pavement categories, asphalt binder types, aggregate types, and aggregate gradations. The 
objective was to determine the optimum laboratory mixture design by modifying the aggregate 
gradation and number of Superpave gyrations without changing the effective binder volume (Vbe) 
or the voids in mineral aggregates (VMA). Keeping Vbe and VMA constant would enable retaining 
the pavement’s durability as well as the permanent deformation characteristics. Further, field 
sections were laid with modified mixture designs to investigate their performance in the field when 
compacted to the laboratory design level. The data from Hekmatfar et al. (2015) was used in this 
paper:  
a) to evaluate the relationship between the stiffness ratio and the pavement performance 
parameters, and 
b) to establish the stiffness ratio parameter's sensitivity in capturing the effects of test 
conditions (temperature and frequency), compaction level, and mixture aging.   
The following sections describe the mixture designs, the tests performed on the laboratory 
and field mixtures, and their correlation with the stiffness ratio. 
Laboratory Mixture Designs 
Three popularly used asphalt mixture designs from the Indiana Department of 
Transportation (INDOT) projects were chosen as the standard mixture designs. These designs 
reflected two traffic categories - Category 3 and 4, where Category 3 covered the traffic with 3*106 
to 10*106 equivalent single axle loads (ESALs), and Category 4 represented the 10*106 to 30*106 
ESALs vehicles. The mixtures were prepared at Ndesign of 100 and 4 percent air voids. Based on 
each mixture design, additional designs were prepared at lower Ndesign. These mixtures were called 
the re-designed mixtures, whose optimum binder content (OBC) was selected at 5 percent air voids 
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instead of the 4 percent standard. The aggregate proportions were adjusted to maintain the same 
Vbe and VMA as the corresponding standard design along with meeting the design criteria. Table 
3-1 gives an overview of the different laboratory mixture designs considered in the study. It can 
be seen that the mixtures are also categorized based on their nominal maximum aggregate size 
(NMAS), 9.5 mm and 19.0 mm. For Category 4, 9.5-mm mixtures, the gradation for 70 gyrations, 
5 percent air voids design was near identical with the gradation for 100 gyrations, 4 percent air 
voids. Hence, the Category 4, 9.5-mm N70 combination was not studied further. Table 3-2 presents 
the gradations for the standard and the re-design mixtures. Different job-mix formulae were 
established because it was the gradation and aggregate properties, as well as their resistance to 
compaction, that regulated the air voids and binder material, not the gyratory compaction level 
(LEVELS 2010). Category 4, 19.0-mm, and Category 3, 9.5-mm asphalt mixtures were produced 
from limestone coarse aggregate, limestone and natural sand, and baghouse fines as filler. Whereas 
dolomite and slag coarse aggregates, dolomite and natural sands, and baghouse fines were used 
for Category 4, 9.5-mm mixtures. A PG 64-22 binder was used in all the mixtures. The volumetric 




Table 3-1 Experimental Design of Laboratory Mixtures 
Pavement Category Number of Gyrations Target Air Voids (%) NMAS 9.5-mm 19.0-mm 
3 
30 5 X  
50 5 X  
70 5 X  
100 4 X  
4 
30 5 X X 
50 5 X X 
70 5  X 
100 4 X X 
46 
 
Table 3-2 Asphalt Mixtures Gradations and Combined Aggregate Specific Gravities 




N100 N70 N50 N30 N100 N70 N50 N30 N100 N50 N30 
25 100 100 100 100        
19 97.4 97.4 96.1 95.3        
12.5 86.4 86.4 79.9 75.5 100 100 100 100 100 100 100 
     9.5 77 77.4 68.4 62.1 97.4 97.3 95.6 95.4 95.3 94.7 94.1 
6.3 59.6 60.7 55.1 51.8 75.8 76 71.6 72.6 72.8 72.2 71.4 
4.75 51.2 52.7 48.6 46.8 65.4 65.7 60 61.6 61.9 61.3 60.5 
2.36 36.5 38.2 37.8 39.3 33 34.7 38.1 43.7 34 38.2 42.4 
1.18 22.8 23.9 23.9 25.5 19.1 20.4 24.6 29.5 20.4 24.9 29.2 
0.6 14.6 15.3 15.3 16.6 12.4 12.9 16.1 19.4 12.8 16.4 19.7 
0.3 8.5 8.8 8.8 9.7 7.8 7.7 9.5 11.3 7.6 9.9 11.5 
0.15 5.6 5.7 5.6 6.4 4.9 4.4 5.3 6.0 4.2 5.7 6.1 
0.075 4.4 4.5 4.4 5.1 4.0 3.4 4.0 4.5 3.0 4.3 4.6 
Gsb 2.665 2.665 2.650 2.651 2.692 2.692 2.692 2.694 2.631 2.630 2.626 
 
Table 3-3 Category 4, 19.0-mm Mixture Design Volumetrics 
Ndesign Avg. Va, % Avg. Gsb Avg. VMA, % Avg. VFA, % Pbe, % Avg. Dust Ratio 
100 4.0 2.665 13.6 70.6 4.1 1.1 
70 4.9 2.665 14.5 66.3 4.1 1.1 
50 4.9 2.650 14.4 66.0 4.1 1.1 
30 4.9 2.651 14.9 67.2 4.3 1.2 
 
Table 3-4 Category 3, 9.5-mm Mixture Design Volumetrics 
Ndesign Avg. Va, % Avg. Gsb Avg. VMA, % Avg. VFA, % Pbe, % Avg. Dust Ratio 
100 4.1 2.692 15.0 72.9 4.6 0.9 
70 5.1 2.692 16.0 67.9 4.6 0.7 
50 4.9 2.692 15.8 68.9 4.6 0.9 
30 5.3 2.694 16.3 67.6 4.7 0.9 
 
Table 3-5 Category 4, 9.5-mm Mixture Design Volumetrics 
Ndesign Avg. Va, % Avg. Gsb Avg. VMA, % Avg. VFA, % Pbe, % Avg. Dust Ratio 
100 3.8 2.631 15.0 74.9 4.8 0.6 
50 4.9 2.630 16.4 70.0 5.0 0.9 




The standard and the re-designed mixtures were compared based on their dynamic modulus 
values determined through AASHTO T 342 (2011) test method. The standard mixtures specimens 
were compacted to 7 percent air voids in compliance with the existing standards. And the 
specimens for the re-designed mixtures were produced at their anticipated in-service air voids, i.e., 
5 percent. Though the flow number test was also performed on the mixtures, it was not included 
in the current analysis, hence not reported here. 
Results and Discussion 
The average dynamic modulus (|E*|) values of the mixtures measured at different 
temperatures (6oC, 22oC, 37oC, and 50oC) and 25 Hz, 10 Hz frequencies are presented in Tables 
3-6 to 3-8.  
   
 
 
Table 3-6 Average Dynamic Modulus Results of Category 4, 19.0-mm Mixtures in MPa 
Test 
Conditions 
25 Hz 10 Hz 
N30 N50 N70 N100 N30 N50 N70 N100 
6oC 19554 20041 20145 16166 16770 18477 18277 14898 
22oC 11276 12465 12132 10088 10328 11097 11219 9207 
37oC 4157 4552 5299 3561 3236 3547 4251 2841 
50oC 1431 1743 1792 1366 1089 1299 1341 1052 
 
Table 3-7 Average Dynamic Modulus Results of Category 3, 9.5-mm Mixtures in MPa 
Test 
Conditions 
25 Hz 10 Hz 
N30 N50 N70 N100 N30 N50 N70 N100 
6oC 19715 19413 18226 16144 18492 17843 17543 15639 
22oC 10529 10480 9504 8351 9331 10042 8864 7628 
37oC 2756 2678 2529 3046 2191 2136 2092 2461 




Table 3-8 Average Dynamic Modulus Results of Category 4, 9.5-mm Mixtures in MPa 
Test 
Conditions 
25 Hz 10 Hz 
N30 N50 N100 N30 N50 N100 
6oC 17682 17610 15632 16107 16055 14591 
22oC 8392 8308 8025 6957 6897 7364 
37oC 2970 3297 2721 2334 2632 2105 




Based on the dynamic modulus and flow number results, polynomial fits were established 
for both 10 Hz and 25 Hz data, and the optimum number of gyrations were estimated as 53, 52, 
and 42 gyrations for Category 4, 19-mm, Category 3, 9.5-mm, and Category 3, 9.5-mm mixtures, 
respectively. 
Field Trials 
 The re-designed mixtures were placed on the field at two sections in Indiana. The first trial 
was an asphalt surface overlay of Category 4, 9.5-mm mixture on the State Road 13 (SR-13), and 
the second was a 3-inch intermediate asphalt layer of Category 3, 19.0-mm mixture on Georgetown 
Road.  
After rigorous pre-field trial laboratory testing, two sections were built on SR-13 
simultaneously, one with N100 standard mixture design and the other with N50 re-designed mixture. 
The optimum asphalt binder contents were selected at 4 percent air voids for the standard mixture 
and at 5 percent air voids for the re-designed mixture. The design VMA was found as 15.3 percent. 
Both original and re-designed mixtures consisted of steel slag and limestone coarse aggregates, 
limestone and natural sands, recycled asphalt shingles (RAS), and a PG 70-22 binder. The loose 
mixture samples required for testing were collected during the construction, and a portion of the 
49 
 
samples was conditioned according to AASHTO R 30 (2002) to simulate eight years of in-service 
aging. 
In the Georgetown project, the standard mixture was designed using 100 gyrations and 
choosing the OBC at 4 percent air voids. While the re-designed mixture was designed using 30 
gyrations and OBC obtained at 5 percent air voids. Both mixtures made use of limestone coarse 
aggregate, dolomite sand, Reclaimed Asphalt Pavement, RAS, and a PG 64-22 binder. The 
samples were obtained in two ways at this location. Initially, loose mixtures were collected from 
the trucks before leaving the hot mix plant. Later, 20 cores each of standard and re-designed 
mixtures were taken from the pavement immediately after construction. From the limited 
volumetric information reported, the VMA of the mixtures was assumed as 14.3 percent for the 
plant mixed laboratory compacted samples, and 15.1 percent for the plant mixed field compacted 
cores.  
 Except for the field cores, specimens were prepared in the laboratory with all the samples 
obtained. The field-sampled mixtures were re-heated at the lowest temperature possible, separated 
into suitable sizes, and compacted to make the specimens for testing. As mentioned before, 
according to the existing test method standards, the specimens for the standard mixture design 
were fabricated at 7 percent air voids. The specimens for the re-designed mixtures were produced 
at 5 percent air voids. Figure 3-1 depicts a schematic of all the field mixtures studied by Hekmatfar 











Post-Field Trial Testing 
 The key motive for changing the mixture design method was to produce a densified asphalt 
layer in the field without extra compaction effort. Theoretically, additional densification would 
increase the pavement’s resistance to rutting, and lowering the air voids slows down the oxidative 
aging process, thus increasing the fatigue life. These hypotheses were tested in the laboratory by 
conducting the dynamic modulus test and flow number test for evaluating the rutting potential, and 
the semi-circular bending test and beam fatigue test to assess the fatigue resistance of the mixtures.  
Dynamic Modulus and Flow Number Tests:  
The dynamic modulus test was performed according to AASHTO TP 79 (2013) at test 
temperatures ranging from 4oC to 50oC and frequencies of 0.1 Hz to 25 Hz. The more the dynamic 
modulus at a given temperature and frequency, the stiffer the mixture is. The unconfined flow 
number test was also conducted using the same equipment as the dynamic modulus (AMPT) but 
with deviator stress of 600 kPa applied with 0.1 sec loading time and 0.9 sec resting time, according 
to AASHTO TP 79. The test temperature was selected as 50.5oC, and the contact stresses were set 
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as 30 kPa. The concept was to measure the accumulated permanent axial strains as a function of 
loading cycles, and the point where the mixture exhibits tertiary flow was referred to as the flow 
number (FN). The flow number has a direct correlation with the rutting resistance of a mixture 
(Witczak 2002). A higher FN value indicates that the mixture can withstand more loading before 
the initiation of rutting. 
Beam Fatigue Test: 
The beam fatigue test was carried out at 20oC according to AASHTO T 321 (2014). It was 
performed by repeatedly loading a beam specimen with a four-point load at a given strain level. 
The beam was held in place by four clamps during the procedure, and the two inner clamps were 
subjected to a repeated haversine load, with the outer clamps supplying a reaction load. The 
arrangement provided a constant bending moment at the beam's center leading to deflection 
measured at the center of the beam. The initial stiffness and the number of loading cycles to failure 
are then used to estimate the fatigue life of an asphalt mixture. Higher initial stiffness and fatigue 
life are favored in general.  
However, it was reported that during the study, issues were faced with the temperature 
regulation leading to abnormal flexural stiffness values. Also, counterintuitive fatigue life results 
were obtained upon laboratory aging, questioning the results of the test. 
Semi-Circular Bending Test: 
To obtain a reliable characterization of the mixtures’ fatigue behavior, the semi-circular 
bending test was conducted at intermediate temperature (~20oC) on the Georgetown Road trial 
specimen following AASHTO TP 124 (2018). The test uses the elastic-plastic mechanism concept 
to determine the critical strain energy release rate (JC). JC represents the strain energy consumed 
to produce a unit area of the fractured surface in a mixture. It is a function of the rate of strain 
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energy change per notch depth. A mixture's resistance to cracking and crack propagation increases 
as the JC value increases. 
Results and Discussion 
The consolidated results of the tests conducted on the post-field trial mixtures, obtained 
from two locations, are presented in the following tables 3-9 to 3-11.  
Overall, testing the re-heated plant-produced mixtures yielded mixed results. Based on the 
dynamic modulus and flow number values, the standard design performed either better or 
statistically similar to the re-designed mixtures at both aging conditions. The condition of cracking 
performance improved slightly with the modified mixture design, which still shows potential for 
the re-designed mixtures to age slower in the field, resulting in the better mixture and pavement 
durability. The binder extracted from both the mixtures also indicate that the asphalt binder from 




Table 3-9 Summary of SR-13 Plant Mixed Laboratory Compacted Mixtures Tests Results 









19.98 16.75 21.48 20.26 
25 21 11.82 9.60 14.09 13.06 
25 37 6.57 4.87 8.65 8.01 
25 50 3.06 2.34 5.13 4.56 
10 4 18.65 15.71 20.26 19.10 
10 21 10.76 8.54 12.80 11.92 
10 37 5.68 4.24 7.72 7.02 
10 50 2.67 1.98 4.25 3.68 









Cycles to Failure 




Table 3-10 Summary of Georgetown Road Plant Mixed Laboratory Compacted Mixtures Tests Results 









18.24 20.33 19.78 20.60 
25 21 11.49 12.33 13.13 13.28 
25 37 6.21 7.13 7.67 8.28 
25 50 2.77 2.78 4.36 4.07 
10 4 17.42 18.79 18.42 19.40 
10 21 10.83 11.59 11.77 12.30 
10 37 5.53 6.13 6.78 7.21 
10 50 2.29 2.19 3.63 3.36 




Rate JC, J/m2 
0.860 1.402 0.776 0.747 
 
Table 3-11 Summary of Georgetown Road Plant Mixed Field Compacted Mixtures Tests Results 









18.24 20.33 19.78 20.60 
25 21 11.49 12.33 13.13 13.28 
25 37 6.21 7.13 7.67 8.28 
10 4 17.42 18.79 18.42 19.40 
10 21 10.83 11.59 11.77 12.30 




Rate JC, J/m2 




Micromechanical Model Analysis 
 Using the volumetrics and the dynamic modulus results from the previous sections, the 
stiffnesses of the individual components (aggregate and mastic) and the stiffness ratio were 
calculated for all standard and re-designed mixtures. Here, the binder and the fine portion of the 
aggregates with below 2.36 mm size were considered as the mastic. Based on the aggregate 
gradation and the specific gravity information, the volume fraction of aggregates (Vs) and the 
volume fraction of mastic (Vm) were calculated for all the mixtures. These calculated volume 
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fractions of the aggregate and the mastic, the measured air voids (Va%), and the dynamic modulus 
of the mixture were inputted in a MATLAB optimization code for back-calculation of the stiffness 
of aggregate (Eaggregate) and the stiffness of mastic (Emastic) at each temperature and frequency. For 
simplicity, the Poisson’s ratios of the aggregate, the mastic, and the mixture were assumed as 0.35 
across different temperatures. The start values of the Emastic and Eaggregate were taken as Emix2  GPa 
and 35 GPa, respectively. Although the absolute magnitudes of the stiffnesses are dependent on 
the initial values, it is not a concern for qualitative or relative comparison. The back-calculated 
moduli are inputted into a forward micromechanics model framework, where the stiffness of the 
mixture was predicted using the homogenization algorithm and verified with the measured 
stiffness. It was observed that the model was able to match exact measured stiffness at all test 
conditions. Finally, the ratios of mixture stiffness to mastic stiffness (Emix/Emastic) were determined, 
which are used in the following sections for characterizing the mixtures.  
Laboratory Mixtures 
Figures 3-2 to 3-4 present the change of individual and mixture stiffnesses along with the 
temperature. Because of the viscoelastic nature of an asphalt binder, the modulus of the mixture 
and the mastic decreases with the increase of temperature. It was interesting to observe the decrease 
in the slope at 37.8oC for all three mixture designs. This could indicate the point where the mastic 
is no more contributing to the load distribution. In asphalt mixtures, both aggregate and mastic 
carry the applied load up to a certain temperature. As the temperature increases, the modulus of 
the mastic drops due to increasing in the flow of the binder (viscous nature), and the load is 
primarily transferred through the aggregates. The modulus of the solids remained nearly constant 
at all temperatures supporting the elastic nature of the aggregates. However, this led to increased 
stiffness contrast between the aggregates and mastic, showing the disintegrity of the mixture. 
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Further, the model parameter was able to capture the change of homogeneity of the 
mixtures with the different number of gyrations. Though no uniform ranking of standard and re-
designed mixtures that is valid at all temperatures was possible based on the stiffness ratio, the 
graphs suggest that overall, 70 gyrations would be optimum for Category 4, 19.0-mm mixtures, 
while 30 gyrations would work best for Category 3, 9.5-mm, and Category 4, 9.5-mm mixtures 
when permanent deformation is the primary concern. The relationship between the stiffness ratio 




(a)                                                                     (b) 
  
(c)                                                                    (d) 
Figure 3-2 (a) Stiffness Ratio vs. Temperature for Category 4, 19.0-mm Mixtures, (b) Dynamic Modulus vs. 

















Category 4, 19.0-mm Mixtures














Category 4, 19.0-mm Mixtures

















Category 4, 19.0-mm Mixtures




















Category 4, 19.0-mm Mixtures




(a)                                                                    (b) 
  
(c)                                                                    (d) 
Figure 3-3 (a) Stiffness Ratio vs. Temperature for Category 3, 9.5-mm Mixtures, (b) Dynamic Modulus vs. 
















Category 3, 9.5-mm Mixtures














Category 3, 9.5-mm Mixtures

















Category 3, 9.5-mm Mixtures




















Category 3, 9.5-mm Mixtures




(a)                                                                    (b) 
  
(c)                                                                    (d) 
Figure 3-4 (a) Stiffness Ratio vs. Temperature for Category 4, 9.5-mm Mixtures, (b) Dynamic Modulus vs. 





 The effect of different test and mixture conditions on the stiffness ratio can be interpreted 
from figures 3-5 and 3-6. Figure 3-5 shows the dynamic modulus and stiffness ratio of unaged 
mixtures, while figure 3-6 represents the values of aged mixtures. On comparing the results at aged 
and unaged conditions, at corresponding temperature and frequency, the stiffness ratio decreased 






































































the mixture. Hence, the change in Emastic is more than the change in Emix with aging, resulting in a 
lower stiffness ratio. Based on figures [3-5(a) and 3-5(b)] and [3-5(c) and 3-5(d)], the stiffness 
ratio decreased with frequency at both temperatures. Similarly, according to figures [3-5(a) and 
3-5(c)] and [3-5(b) and 3-5(d)], the stiffness ratio increased with temperature at both frequency 
conditions. The same pattern was observed in the aged mixtures. These trends can be visualized 
from the elastic nature of an asphalt binder at low frequency/high temperature and the viscous 
nature at high frequency/low temperature. Hence, a mixture with a higher stiffness ratio is suitable 
for better cracking resistance, and a lower stiffness ratio is expected for a rut-resistant mixture.  
Figures 3-7 and 3-8 present the inverse linear relationship between flow number and 
stiffness ratio for aged and unaged mixtures with a strong R2 of around 0.8. The relationship 
between beam fatigue parameters and the stiffness ratio was not as expected (figures 3-9, 3-10); 
however, since the test results were ambiguous, additional testing is needed to draw the 
conclusions. A fair correlation could be established between the fracture energy and the stiffness 









Figure 3-5 Example of Stiffness Ratio and Dynamic Modulus vs. Number of Gyrations for Unaged Mixtures 








































































































































Figure 3-6 Example of Stiffness Ratio and Dynamic Modulus vs. Number of Gyrations for Aged Mixtures at 








































































































































Figure 3-7 Correlation between the Flow Number and Stiffness Ratio for SR-13 Mixtures 
 
 
Figure 3-8 Correlation between the Flow Number and Stiffness Ratio for Georgetown PMLC Mixtures 
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Figure 3-10 Correlation between the Beam Fatigue, Initial Stiffness and Stiffness Ratio for SR-13 Mixtures 
 
 
Figure 3-11 Correlation between the Strain Rate and Stiffness Ratio for Georgetown PMLC Mixtures 
 
 















































































































A new micromechanics-based performance indicator relating the stiffness of the mixture 
with that of the mastic was introduced in this section. The parameter was correlated with the 
stiffness, rutting, and fatigue performance of the plant mixed lab compacted mixtures. Satisfactory 
relationships were observed with R2 of 0.8 for flow number and an R2 of 0.5 for fracture strain 
energy, with the limited available data, concluding that the stiffness ratio could provide qualitative 
information about a mixture's pavement performance with only volumetrics and modulus testing. 
The sensitivity of the stiffness ratio was demonstrated by comparing the values calculated at 
different test conditions (temperatures, frequencies) and mixtures aging conditions. Based on the 
stiffness ratios calculated at different temperatures, it was found that 70 gyrations was optimal for 
Category 4, 19.0-mm re-designed mixtures, while 30 gyrations was suitable for Category 3, 9.5-





 CHAPTER IV 
CALCULATION OF STIFFNESS RATIO FROM DYNAMIC MODULI OF 
DIFFERENT LABORATORY TESTS 
In the entire Chapter 4, the stiffness ratios were calculated based on the AMPT dynamic 
modulus results. However, since the dynamic modulus of asphalt mixtures can be determined using 
a variety of test methods, a small analysis was conducted to assess the influence of the test methods 
on the stiffness ratio. The volume fractions of aggregate and mastic were calculated for the six 
mixtures described in Chapter 3. With these volume fractions and the air voids of the mixtures, the 
stiffness ratio analysis was performed twice for each mixture. First with cyclic test measurements 
and again with resonance test dynamic modulus values. Ideally, both the stiffness ratios should be 
identical as they represent the same mixture. This is affirmed in Figures 4-1 (a) to (f), where the 
stiffness ratios calculated with dynamic modulus values from the two test methods resulted in very 
similar values.  
Hence, it adds to the advantages of using the stiffness ratio for evaluating a mixture, as it 
can mitigate the variations in the mechanical response of a mixture associated with the test method 
adopted and therefore better represent the mixture. Furthermore, the resonance test results can be 











































Emix/Emastic : Cyclic Test
























Emix/Emastic : Cyclic Test
























Emix/Emastic : Cyclic Test
























Emix/Emastic : Cyclic Test
























Emix/Emastic : Cyclic Test
























Emix/Emastic : Cyclic Test
Specimen ID - AAM 3
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 CHAPTER V 
SUMMARY AND CONCLUSIONS 
This thesis investigated the potential of using the ratio of mixture and mastic modulus as a 
parameter to rank the asphalt mixture designs in terms of rutting and fatigue cracking performance. 
To begin with, two of the several laboratory methods available for determining the complex 
modulus of asphalt mixtures were examined. Two asphalt mixture designs were prepared using 
the same aggregate type and different binder types (AAD, AAM). The results from the cyclic 
AMPT test and the impact hammer resonance test on these specimens show that: 
• At a low-frequency range of 0.01 Hz to 25 Hz, the dynamic modulus increases 
logarithmically with frequency and raises vertically with temperature. The phase angle 
increases with frequency until it reaches a peak and then decreases. 
• At a high-frequency range of 8 kHz to 20 kHz, dynamic modulus increases at a much 
slower rate with frequency. The phase angle decreases linearly with an increase in the 
frequency. 
• It was not possible to generalize the factor of difference between the dynamic modulus 
measurements from each testing method.  
• For the AAD mixtures, the resonance test yielded a higher dynamic modulus and a lower 
phase angle than the cyclic test. The AAM mixtures showed the opposite pattern, with the 
dynamic modulus and phase angle from the resonance test being lower and higher, 
respectively, compared to the cyclic test results. 
• The dynamic modulus measurements from the resonance test had a low relative standard 
deviation than the cyclic test for both mixture types. 
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• The phase angle measurements were inconsistent from both the tests, with the cyclic test 
producing slightly better results. 
Master curves were developed following the existing AASHTO R 84 standard procedure. 
The cyclic test results could be fitted well with R2 greater than 0.97 for all the mixtures. However, 
no optimum fit parameters were found to match the resonance test results. High-frequency 
measurements necessitate complex modulus models such as the HN model, 2S2P1D model, and 
others. The cyclic test fitted using the HN model showed that the HN model overestimated mixture 
stiffness at low frequencies, while the AASHTO R 84 model underestimated stiffness values at 
high frequencies. At intermediate frequencies, both models produced very similar dynamic 
modulus results. Nonetheless, the normalized root mean square deviation from the laboratory 
measurements was less than 8 percent for both models. Except for one mixture that had an 18 
percent NRMSD, the resonance test results were successfully fitted with the HN model with 
NRMSD less than 10 percent. With operator training, the resonance test can be used to accurately 
characterize viscoelastic properties of asphalt mixtures at a faster rate (approximately 5 minutes 
for testing at a temperature and an hour for analysis) than the cyclic test. Further, the dynamic 
modulus of mixtures with different shapes like a disc, beam, etc., can also be determined using the 
resonance test (Gudmarsson 2014). 
Next, the modulus of the individual mixture components was concentrated on. Based on 
the modulus of the mixture, the moduli of aggregates and mastic were back-calculated using the 
constrained non-linear multivariable optimization method. The equations were adopted from the 
model proposed by Onifade and Birgisson (2021). The ratio of the mixture stiffness and the mastic 
stiffness named the stiffness ratio was proposed as a new micromechanics-based performance 
parameter for characterizing the asphalt mixtures. The equations account for multiple phases in 
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the mixture, their volume fractions, viscoelastic properties of the binder, and the morphology of 
the aggregates. The comparative analysis performed inputting the cyclic, and the resonance test 
results into the model framework showed that both the modulus values result in similar stiffness 
ratios for a given mixture. Hence, this is a unique mixture-specific parameter. 
The current Superpave mixture design method suggests target air voids of 4 percent for the 
laboratory asphalt mixtures and 7 percent for the performance test samples. This is to reflect the 
average field density requirement of 93 percent of the mixture's maximum theoretical specific 
gravity (Gmm). If field mixtures could be compacted to the same density as the laboratory mixture 
design, the pavement life could be increased by two to three years. With this objective, the Joint 
Transportation Research Program suggested a modified mixture design with the optimum binder 
content selected at 5 percent air voids. The percent binder and the voids in mineral aggregates were 
kept constant as the conventional Superpave mixture, and the aggregate gradation was changed to 
meet the requirements. The performance of mixtures prepared with different number of gyrations 
were evaluated to determine the optimum mixture designs for different traffic categories. The 
research was published as Report No. FHWA/IN/JTRP-2015/25 in 2015. 
The final part of the thesis involved correlating the stiffness ratio with the pavement rutting 
and fatigue performance, using the post-field trial test results from the above study (Hekmatfar et 
al. 2015). The results show that the stiffness ratio has a strong inverse correlation with the flow 
number (R2 of 0.8) and a fair direct correlation with the critical strain energy (R2 of 0.5). Hence, a 
mixture with an optimal stiffness ratio would perform well in withstanding both rutting and fatigue 
distress. It was also established that the derived parameter was sensitive to mixture design, loading 
conditions, and aging. Based on the stiffness ratios of the re-designed mixtures determined at 
different temperatures and frequencies, 70 gyrations appeared to be the optimum for mixtures with 
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19.0-mm NMAS, and 30 gyrations seemed to be appropriate for 9.5-mm NMAS mixtures to 
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